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Contrast produced by differences in regional proton re-
laxation times (TI and T2) provides the potential to assess
the extent of myocardial infarction using nuclear mag-
netic resonance (NMR) imaging. Previous laboratory
studies have shown that longitudinal (TI ) and transverse
(T2) relaxation times are prolonged in acute myocardial
infarction, and these prolongations have been attributed
entirely to increases in tissue water content. The present
study seeks to evaluate the relation between both T I and
T2 and regional myocardial perfusion and water content
throughout a wide range of blood flow reduction. The
left anterior descending coronary artery and collateral
vesselssupplying a region of the anterior wall of the left
ventricle were ligated in 10 dogs for 4 hours until they
were killed.
Both water proton and bulk proton relaxation times
of myocardial samples from ischemic and control zones
were measured at 200 and 20 MHz, respectively. Regions
Proton nuclear magnetic resonance (NMR) imaging tech-
niques provide a noninvasive approach for generating high
resolution tomographic images without ionizing radiation
or contrast agents. NMR signal intensity of tissue is de-
pendent on longitudinal (T i) and transverse (T2) relaxation
times, proton density and motion; these factors can be al-
tered after myocardial ischemic events. Accordingly, proton
NMR imaging techniques that depict alterations in the re-
laxation times have been suggested to be of value in de-
tecting zones of infarction. Thus it is important that we
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of severe ischemia (flow <5% of control) demonstrated
no significant alteration in T I compared with nonisch-
emic myocardium. Greatest TI and T2 elevations were
observed in moderately ischemic myocardium (flow =
5 to 50% of control). The water relaxation behavior
differed with the severity of the flow reduction and was
not totally dependent on changes in water content. These
data suggest that relaxation time alterations are more
complex than previously reported in myocardial isch-
emic insult.
In the future, using T I weighted imaging methods,
myocardial ischemic insults associated with severe re-
ductions in blood flow would be anticipated to demon-
strate a doughnut pattern with an area of abnormal
intensity in the peripheral zone surrounding a central
ischemic zone with normal intensity.
(J Am Coli CardioI1987;lO:412-20)
understand the biophysical, biochemical and pathologic ba-
sis for the alterations observed by NMR imaging of myo-
cardial infarction.
The mechanisms for prolongation of relaxation times in
damaged tissue are complex and have not been ful1y elu-
cidated. Previous studies (1,2) have demonstrated signifi-
cant increases in T I and T2 with coronary artery occlusion
of 30 minutes. Prolongation in image-derived T 1 and T2 also
has been noted after longer occlusion times (3-5). Ratner
et al. (5) showed that the increase in T I and T2 is related
to the severity of regional myocardial blood flow reduction
in canine models with 30 and 60 minutes of coronary oc-
clusion. Similar results have been reported with 3 hours of
coronary occlusion (6). These increases in relaxation times
have been correlated with increases in tissue water content
occurring with acute ischemia (1). We hypothesized that in
severe ischemia, when regional myocardial blood flow is
near zero, tissue water content would not be anticipated to
increase, although the ischemic insult is severe.
It is the purpose of this study to investigate changes in
T 1 and T2 and the relation between such changes and tissue
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water content in association with 4 hours of severe myo-
cardial ischemia to further examine the mechanisms for the
previously described laboratory and clinical NMR obser-
vations in myocardial infarction.
Methods
Canine model. Ten adult mongrel dogs were anesthe-
tized with 20 mg/kg intravenous sodium pentothal. The dogs
were then intubated with a No. 8 endotracheal tube and
ventilated initially with 26% oxygen, 70% nitrous oxide and
4% halothane using a volume ventilator (Harvard apparatus)
and a recirculating anesthetic system with 2 liters/min gas
flow into the system. The halothane concentration in the gas
mixture inlet to the system was decreased to I% in 3 to 5
minutes, depending on the eyelid reflex. A left thoracotomy
and pericardiotomy were performed. A 4F catheter was
inserted into the carotid artery and arterial pressure was
monitored. A 3F catheter was inserted into the left atrial
appendage for administration of radiolabeled microspheres
(15 J-LCi of cerium-141, chromium-57, strontium-85,
scandium-46 or niobium-95) (3M Corp.). A SF catheter was
placed in the left femoral artery to allow reference blood
samples to be obtained with a Buchler Polystaltic Pump for
3 minutes after microsphere administration. Before inter-
vention, the first set of radiolabeled microspheres was in-
jected into the left atrium of each dog to measure baseline
myocardial perfusion. The left anterior descending coronary
artery distal to the first diagonal branch was isolated and a
loose 2-0 silk tie was then placed around it. To increase the
likelihood of producing severe ischemia, all visible collat-
eral vessels supplying the distal left anterior descending
distribution to a circular anteroapical left ventricular region
were ligated first, and then the artery was ligated. A second
set of microspheres was administered 3 minutes before death.
The animal was killed with an intravenous injection of po-
tassium chloride 4 hours after left anterior descending artery
ligation.
The central ischemic zone was visually identified as a
region of pale tissue adjacent to normal-appearing myocar-
dium. A transmural myocardial sample was taken from both
the central ischemic zone and the nonischemic posterior left
ventricular wall. Samples were divided into approximately
I g epicardial, midwaJl and endocardial sections. Each sec-
tion was placed into a preweighted 10 mm NMR glass tube
and tightly sealed to minimize loss of tissue water. Samples
were handled within the guidelines suggested by Beall (7)
to minimize alterations in relaxation times resulting from
sample handling and storage.
Measurement of proton relaxation times. Bulk proton
longitudinal (T I) and transverse (T2) relaxation times, were
determined at 0.47 tesla, and water relaxation times were
determined at 4.7 tesla. The bulk proton relaxation times
were determined using an IBM PC-20B MUlti-spec (IBM
Instruments) operating at a radiofrequency of approximately
20 MHz using a phase-sensitive detector at a probe tem-
perature of 40°C; 90 and 180° radiofrequency pulse widths,
phase and static field strength were adjusted for each in-
dividual sample. Samples were prewarmed to 40°C for 10
minutes before measurement. T I was determined using an
inversion-recovery pulse sequence with 8 tau values ranging
from 28 ms to 3.58 seconds. T2 was determined using a
Carr-PurceJl-Meiboom-Gill (CPMG) pulse sequence with
10 spin echoes ranging from 4 to 40 ms. T I and T2 values
were calculated automatically and displayed on the PC-20B.
Relaxation times of the water resonance alone were de-
termined on a Bruker CXP-200 spectrometer operating at
200.044 MHz with the probe at 39°C. T , was determined
using an inversion-recovery pulse sequence with 12 tau val-
ues ranging from 0.01 to 9.00 seconds. Tz was determined
using a CPMG pulse sequence with 12 spin echoes ranging
from 8 to 96 ms. T , and T2 of the water resonance were
calculated using the spectrometer's internal software.
Relaxation times for all the samples were determined
within 5 hours after removal of the heart. Studies in our
laboratory (unpublished data) have shown no significant
change in either relaxation time during this period.
Wet and dry weight measurements. The samples were
weighed and then dried for 7 to 8 days at 60°C to constant
weight. The total tissue water for each sample was expressed
as a ratio of the wet weight to the dry weight (WID),
Microsphere analysis. Myocardial tissue samples and
femoral arterial blood samples obtained during microsphere
injection were weighed and activities determined in a Beck-
man Autogamma 8000 scintillation counter (Beckman In-
struments Inc.). The perfusion to each myocardial specimen
was computed using a blood flow analysis program on an
LSI-II microcomputer (Digital Equipment Corporation). This
program utilizes a percent spillover calculation based on
radioactive standards counted in each photo-peak window.
Data analysis. To evaluate the proportionality between
both T I and T2 and blood flow, linear regression analysis
was applied using the BMDP statistical package (University
of California, Los Angeles) on the LSI-II. Linear regression
analysis was also used to evaluate the relation between tissue
wet weight to dry weight ratio and blood flow.
For the purpose of analvsis, myocardial samples were
subdivided into three groups: severely ischemic samples,
in which regional myocardial blood flow was ::;5% of preoc-
elusion flow; moderately ischemic samples, in which blood
flow was >5% but ::;50% of preocelusion flow; and non-
ischemic samples in which blood flow was >50% of preoc-
elusion flow. Relaxation times for the flow groups are ex-
pressed as the group mean ± I SO. Comparison of group
means was performed using an analysis of variance with a
subsequent modification to the t test (Bonferroni adjustment)
for comparing multiple groups. A probability (p) value ::;0.05
was considered significant.
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Analysis of relaxation rates and tissue dry content.
Relaxation rate is the inverse of relaxation time. The re-
laxation rates (lIT, and liT2) of tissue water protons are
increased (enhanced) by the interaction of the water protons
with the nonwater constituents of tissue. As the concentra-
tion of a relaxation-enhancing substance in a solution in-
creases, a linear increase in relaxation rate of the solvent is
usually observed. The relaxation-enhancing substances in
tissue remain after drying the tissue, and their concentration
can be approximated by the dry weight to wet weight (D/W)
ratio (inverse of WID) of the tissue. The DIW ratio for pure
water is zero. Thus, in a plot of relaxation rate versus DIW
ratio, the y intercept is the relaxation rate of pure water as
measured on that particular NMR instrument, and the slope
is a measure of the relaxation-enhancing ability (analogous
to relaxivity*) of the tissue dry content. A change in myo-
cardial water content that alters the concentration of the
relaxation-enhancing substances in tissue will result in
movement along the line without a change in relaxation-
enhancing ability. Relaxation-enhancing ability is altered
when the composition of the dry content is changed.
Two models were tested at each field strength for the
relation between relaxation rate and DlW ratios. First, all
data were pooled and a single, unrestricted linear regression
analysis was performed. The intercept (0.25 s -I) was not
found to be significantly different from the liT, of distilled
water (0.27 s -'). The longitudinal relaxation rate (lIT,) of
distilled water is largely field independent at field strengths
greater than 10 MHz and was measured on both NMR in-
struments. A restricted regression was then performed where
the intercept was constrained to pass through 0.27 s-'.
Second, the data were divided into the previously described
flow groups. Unrestricted regressions were performed, and
the intercepts (0.88, 0.06 and 0.57 s-, for severely isch-
emic, moderately ischemic and nonischemic groups, re-
spectively) also were not found to be significantly different
from the liT, of distilled water. With the intercepts con-
strained at 0.27 s-', the slopes of the regression lines were
determined. A comparison of the model with pooled data
and the model with data divided into groups indicated that
a significant difference between the models existed (p <
0.01) and that the data are best fit by three regression lines,
one for each flow group. Regression analysis of the IIT2
data was performed in a similar manner. However, there is
uncertainty in measuring the true liT2 of distilled water
because the paramagnetic effect of dissolved atmospheric
oxygen increases the measured IIT2 • Thus the intercept was
not constrained to a single value, but rather to values be-
*Conventionally, the enhancement in the longitudinal (lIT,) relaxation
rate of water protons induced by 1.0 mmoilliter of a substance in a water
solution in vitro is defined as relaxivity. In this case the dry weight to wet
weight (D/W) ratio yields an arbitrary measure of concentration and the
slope of the regression line is an arbitrary measure of relaxation-enhancing
ability of the dry content of tissue.
tween the IIT2 of water (0.27 8-') and the measured I/T2
of water on both instruments (I.0 s - '). t The use of the
constraints in the regression analysis does not significantly
affect the results compared with unrestricted regression;
however, the use of constraints does exclude the possibility
of physically meaningless results (for example, negative
relaxation times).
Results
A total of 60 myocardial samples was obtained for anal-
ysis. Determinations of myocardial blood flow, wet weight
to dry weight (WID) ratio and proton relaxation times at 20
and 200 MHz were made from each sample. The range in
blood flows, WID ratios and relaxation times obtained is
due primarily to differences in these values in individual
dogs rather than to wide variations among dogs (Fig. I).
The 20 MHz data. With blood flow >5% of preocclu-
sion flow, both bulk proton longitudinal (T ,) and transverse
(T2) relaxation times increased with decreasing blood flow
(Fig. 1) and were consistent with previous work (6). WID
ratios also tended to increase with decreasing blood flow (r
= -0.70, P < 0.0001). The relaxation times and WID
ratios for each flow group are summarized in Table 1. With
severe reduction in blood flow (:55% of preocclusion flow),
T, (0.70 ± 0.02 second) was not significantly different
from the T, (0.69 ± 0.02 second) of nonischemic samples
(Fig. 2). The T, (0.78 ± 0.05 second) in the moderately
ischemic group was longer than the T, of both severely
ischemic (p < 0.00(1) and nonischemic (p < 0.00(1) groups.
The mean T2 of the severely ischemic group (56.1 ± 2.9
ms), however, was not different from that of the moderately
ischemic group (58.3 ± 3.6 ms) and both were elevated
compared with the value in the nonischemic group (52.8 ±
2.7 ms, p < 0.01 and p < 0.0001, respectively). The mean
WID ratio of severely ischemic samples (4.74 ± 0.29) was
smaller but not significantly different from that of the mod-
erately ischemic group (4.92 ± 0.17) and both were larger
than that of the nonischemic group (4.44 ± 0.17, P < 0.05,
P < 0.0001).
The 200 MHz data. At 200 MHz, relaxation times of
water protons alone rather than those of all the tissue con-
stituents were examined. These results paralleled those of
20 MHz. There were significant relations between both water
proton T, and T2 and blood flow when flow was >5% of
preocclusion flow (Fig. 3). The relaxation times for each
group are presented in Table I. The mean T, (1.78 ± 0.06
second) of severely ischemic myocardium was not statis-
tically different from the mean T, (1.75 ± 0.07 second) of
nonischemic myocardium; but was shorter than the mean
T, (1.91 ± 0.12 second) of moderately ischemic myocar-
tThe liT2 relaxation rate of a sample may never be less than its lIT,
relaxation rate but may approach the l/T. value under certain conditions.
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Figure 1. Myocardial bulk proton longitudinal (T I ) (upper plot)
and transverse (T 2) (lower plot) relaxation times at 20 MHz versus
regional myocardial blood flow (RMBF) expressed as a percent
of preocclusion flow in dogs subjected to 4 hours of coronary
artery occlusion. Each symbol represents samples obtained from
an individual dog. Both relaxation times, T I and T 2 , correlate with
blood flow when blood flow is >5% of preocclusion flow (r =
- 0.67 and - 0.59, respectively). T I values of severely ischemic
myocardium (flow <5% of control) are not elevated relative to
nonischernic myocardium (flow >50% of control). T2 values of
severely ischemic tissue are greater than control values but are not
significantly different from values of moderately ischemic samples.
Mean (± SO) values are shown for these flow groups. Discussion
cardium (38.6 ±: 2.8 ms, p < 0.05 and p < 0.0001;
Fig. 2).
Relaxation rates and tissue dry content. The regres-
sion coefficients, correlation coefficients and significance
values for the regressions of relaxation rates against tissue
D/W ratios are listed in Tables 2 and 3. The relation between
liT I at 20 MHz and dry weight to wet weight (D/W) ratio
in the severely ischemic group was significantly different
from that in the moderately ischemic and nonischemic groups
(p < 0.0001, P < 0.005, respectively), and the relation in
the moderately ischemic group was different from that in
the nonischemic group (p < 0.05) (Fig. 4). There was a
significant correlation between I/T2 and D/W ratio for the
pooled data and for all flow groups; however, there was no
significant difference between the single regression model
and the model of three separate regressions (Fig. 5). A
significant regression line was not found between liT, at
200 MHz and D/W in the severely ischemic group; but the
regression lines for the moderately ischemic and nonisch-
emic groups were significant and they differed significantly
from one another (p < 0.05, Fig. 6). The sums of squares
error of the three separate regressions was significantly less
than the error of the single regression fit (p < 0.01), in-
dicating that a different regression for each flow group was
an appropriate model to describe the data. Similar to the 20
MHz data, there was a significant correlation between I/T2
and D/W ratio for the pooled data and for all flow groups;
however, sums of squares error of the three regression model
was not significantly less than that of the single linear regres-
sion model. Thus IIT 2 versus D/W are appropriately de-
scribed by a single regression line independent of flow group.
I
250
r
200
i
150
Tz = 58.3 - 0.041·(RMBF)
r = -0.59 p<O.OOOl
Tl = 0.775 - 0.581·1Q-3·(RMBF)
r = -0.67 p<O.OOOl
i
100
i
50
<> 0\
017.
'"
v
~.
0
o •50
10.00 1"".--r--r--,.-...,...-r---.--,---r--,----.
o
70
0.88
..
N c <>.:::c
~
0 0.76N
o
CI.l
VI
E
o5: 0.64
N
:::c
~
o
N 60
dium (p < 0.005). The mean T I of the moderately ischemic
group was significantly longer than that of the nonischemic
group (p < 0.0001). The mean T2 of severely ischemic
myocardium (42.4 ±: 3.1 ms) was not different from that
of moderately ischemic myocardium (45.1 ± 4.9 ms) and
both were elevated compared with that of nonischemic myo-
The present study was designed to gain further insight
into ischemia-related changes in myocardial proton NMR
relaxation properties with a 4 hour severe ischemic insult.
The myocardial proton longitudinal (T I) and transverse (T2)
relaxation times or rates (I IT I and liT2) contribute sub-
stantially to image intensity and can be approximated by
NMR imaging approaches. This investigation adds to our
understanding of the relation between relaxation property
Table 1. Relaxation Times (T, and T2) and Wet to Dry Weight Ratios for Three Regional
Myocardial Flow Groups
Flow
20 MHz (Bulk Proton) 200 MHz (Water Proton)
Group T,(s) T2(ms) TI(s) T2(ms) WID
:55% 0.70 ± 0.02 56.1 ± 2.9 1.78 ± 0.06 42.4 ± 3.1 4.74 ± 0.29
5 to 50% 0.78 ± 0.05 58.3 ± 3.6 191 ± 0.12 451 ± 4.9 4.92 ± 0.17
>50% 0.69 ± 0.02 52.8 ± 2.7 1.75 ± 0.Q7 38.6 ± 2.8 4.44 ± 0.17
WID = wet to dry weight ratio.
416 CANBY ET AL.
PROTON T, ANDT, WITH SEVERE ISCHEMIA
lAce Vol. 10, No.2
August 1987:412-20
90 220
~ns---,
r- ns-,
85 ,----P< 0001---, 210 ,----p< 000\---,
r-P< 05----, L N:I: J: r-P< 05----,::;: ::;: 200 L0 80 00N l NI 190 1u u p<005
'"
75 P<0001~ '" 6 JJ
<Il L~ :. 180~ 2; >- Jns.70 Jns 170
65 160
4\ 43 45 4.7 49 51 53 41 43 45 4.7 49 51 5.3
70
50 T
65 N !
N
J:
J: ::;:
::;: L 0 i.0 60 0 45N N Js I1 '1 ~nsu -I u'" L I 0< '" J p<OOOI<Il 55 p c ~ 1 J <Il L 1.s ~ .s P< 05 IN N 40 J J>- >-50
45 35 I
41 43 45 4 7 49 51 53 41 43 45 4.7 49 51 53
wet weight/dry weight ratio wet weight/dry weight ratio
Figure 2. The mean (±SD) proton T, values at 20 MHz (left)
and 200 MHz (right) versus the mean wet to dry weight ratio for
each flow group are shown in the upper plots. The moderately
ischemic group (closed circles) is characterized by increases in
wet to dry ratio and Ti- The slight T, increase in the severely
ischemic group (opensquares) relative to nonischemic group(closed
triangles) was not significant although wet to dry weight ratio is
significantly increased. Mean protonTz at 20 MHz (left) and 200
MHz (right) versus mean wet to dry weight ratio are shown in
the lower plots. The moderately ischemic group (closed circles)
shows dramatic Tz and wet to dry weight increases; and in the
severely ischemic group (open squares) smaller increases are as-
sociated with smaller wet to dry weight increases.
alterations and severity of ischemic insult. Consequently, it
provides insight into the interpretation of change in myo-
cardial signal intensity in proton NMR images associated
with acute myocardial ischemic insults.
The relation between relaxation variable changes and
flow. As demonstrated previously (5,6), we also observed
a relation between changes in relaxation times and the se-
verity of the ischemic insult as determined by regional myo-
cardial blood flow measurements. In contrast to previous
observations, however, we found a more complex relation:
1) with severe flow reduction, T, is not significantly dif-
ferent from control; 2) with moderate flow reduction, myo-
cardium demonstrates increased relaxation times compared
with control values; and 3) after excluding the severely
ischemic regions, there are significant inverse correlations
between both T 1 and T2 and flow. Contrary to our original
hypothesis, a significant increase above control in tissue
water content of the severely ischemic zones was observed,
but no significant increase in T, was measured. Although
the arterial source of water for edema was severely reduced
in this zone, the increase in water content may arise from
other sources that include venous backflow and diffusion
from adjacent tissue where blood flow is less restricted. In
contrast to T" Tz was directly related to myocardial water
content independent of flow. Because this pattern of T I
alterations is observed in individual dogs (Fig. I and 3),
these findings suggest that clinical NMR imaging of severe
myocardial infarction might result in a "doughnut" pattern
with an area of increased T, and Tz in the peripheral zone
and less, if any, increase in the central, more severely isch-
emic zone. In practice, the presence of such a doughnut
pattern would depend on the imaging pulse sequence used.
Relaxation rates versus tissue dry content. Changes
in relaxation rates (lIT, and I/T2 ) associated with ischemic
insults have been attributed to changes in myocardial water
content, but other factors can influence relaxation proper-
ties, including the compartmentation of water, the concen-
lACC Vol. 10. No.2
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D/W = dry to wet weight ratio.
Table 2. Regression Equations for 20 MHz Data (bulk proton)
Flow Group Equation p Value
:s5% liT, = 546'(D/W) + 0.27 OSO «J.OI
5 to 50% liT, = 5.01·(D/W) + 0.27 074 <00001
>50% l/T, = 5.21·(D/W) + 0.27 050 <0.005
Pooled data I/T 2 = 79.9·(D/W) + 1.0 on <0.001
D/W = dry to wet weight ratio .
Flow Group Equation p Value
:s5'1c liT, 1.38·(O/W) + 0.27 0.10 NS
5 to 50% liT, 1.25·(D/W) + 0.27 0.81 <0.0001
>50'j( I/T, 1.34·(D/W) + 0.27 0.63 <0.001
Pooled data I/T 2 = 109.2·(D/W) + 1.0 0.69 <0.005
sive loss of ceIl volume and ionic regulation occurs and is
manifested by progressive influxes of Na +, Ca 2 + , water
and effluxes of K + and Mg2 + (15). These aberrations in-
dicate not only that water content changes with ischemic
insult, but also that water may shift into and out of various
spaces related to loss of membrane integrity and changes in
the chemical environment.
A change in relaxation enhancement occurs if the com-
position of the water relaxation-enhancing substances is
altered. This observation suggests that mechanisms in ad-
dition to changes in water content are important in deter-
mining longitudinal relaxation time (T t) with myocardial
infarction. The T 1 changes cannot be wholly attributed to
the dilution of substances enhancing T 1 relaxation rates by
water influx, because an increase in water content without
a change in relaxation-enhancing ability of the tissue will
be manifest as a proportionate change in liT 1 relaxation rate
as determined by the linear dependence of liT t on dry to
wet weight (D/W) ratio for nonischemic myocardium. Al-
terations in the character or composition of the chemical
milieu or changes in compartmentation of water, or both,
on the other hand, are likely to contribute to alterations in
relaxation behavior.
Mechanisms of changes in relaxation-enhancing abil-
ity in ischemia. Although this study does not elucidate the
source of the changes in relaxation-enhancing ability that
occur in association with ischemic insult, two indications
about the mechanisms are provided. I) The relaxation-en-
hancing ability of ischemic myocardium differs significantly
as a function of flow. With severe flow reduction, the re-
laxation-enhancing ability of myocardium increases, A pos-
sible cause of this aberration may be related to tissue deg-
radation such that cellular structures (for example, cytoskeleton
and membrane systems) interact more freely with water
protons, thereby increasing water access to relaxation-en-
hancing substances otherwise inaccessible. Alternatively,
generation of paramagnetic agents (for example, free rad-
icals) within the severely ischemic tissue also can increase
relaxation. With less severe ischemic insult, the relaxation
enhancement of myocardium decreases. Under these con-
ditions, tissue is damaged but significant flow to this zone
is maintained. Consequently, significant influxes of water,
CI ,Na I, Ca2 j and other ions occur (15,16). Lipid may
also accumulate in ischemic zones (17). Blood flow is also
Table 3. Regression Equations for 200 MHz Data
(water proton)
,
250
I
200
T2= 44.9 - 0045·(RMBf)
r = -0.58 p<0.0001
I
150
T1 = 1.91 - 1.08'10-3 • (RMBf)
r = -0.58 p<O.OOOl
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38
47
u
Q)
Vl
E
tration and type of lipid present, the macromolecular en-
vironment, temperature and alterations in the chemical milieu
including electrolyte concentration (8-11). Ischemic insult
effects changes in several of these factors. Williams et al.
(I) reported significant T. prolongation in myocardium of
dogs as soon as 30 minutes after coronary ligation and these
T 1 increases paralleled the increased water content in the
regionally ischemic myocardium. SweIling of myocytes and
elevation of the sarcolemma away from the myofibrils have
been demonstrated with electron microscopy after 40 min-
utes of ischemia (12,13) and mitochondrial sweIling sug-
gests changes in the compartmental distribution of tissue
water (14). After 290 minutes of ischemic insult. progres-
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Figure 3. Myocardial water proton T1 (upper plot) and T2 (lower
plot) at 200 MHz versus regional myocardial blood flow (RMBF).
Each symbol represents an individual dog. As with the 20 MHz
data, both T1 and T2 correlate (r = -0.58 and f = -0.58,
respectively) with blood flow when flow is >5% of preocclusion
flow. Mean (± SO) values of T1 and T2 are shown for each flow
group.
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available to remove released constituents of cells. In ad-
dition, the interaction of Ca2 + with proteins that occurs
under certain conditions (18), may affect the interaction of
protein and water. These changes can all contribute to al-
terations in relaxation behavior.
2) Ischemia-induced alterations in proton relaxation are
anticipated to change with field strength (/9-22). In gen-
eral, substances that enhance relaxation do so more effi-
ciently at lower field strengths. However, the effect of sub-
stances on water relaxation rates may be dependent on
correlation times, cross relaxation and the interactions of
water protons with protein-bound paramagnetic metals (21).
Consequently, the effects may not necessarily be less at
higher field strengths. The decrease in slope observed at
200 MHz relative to 20 MHz that is seen in all flow groups
while maintaining the relative relations among groups (that
is, the highest relaxation-enhancing ability in severely isch-
emic tissue and the lowest in moderately ischemic tissue)
is consistent with the presence of field-dependent mecha-
nisms. Characterization of these relations as a function of
field strength can be important for defining the mechanisms
for enhancement (23) and the selection of a field to optimize
image contrast between normal and varying levels of isch-
emic insult.
• •
Figure 5. IIT2 relaxation rates at 20 MHz ver-
sus dry to wet weight ratio. Whereas a model
with separate regression lines for each flow group
was thebestdescription of liTI data at both field
strengths, IIT z versus dry to wetweight ratio at
both 20 and 200 MHz was best described by a
single regression fit to all data considered as a
single group (r = 0.73, P < 0.001). RMBF =
regional myocardial blood flow.
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Figure6. liTI relaxation rates at 200 MHz ver- :I:
sus dry to wet weight ratio foreach flow group. ~
Although the regression line for the severely g .55
ischemic group (open squares) is not signifi- N
cant, the data are better described bya regression 'u
line for each group rather than asingle regression !
for all points (p < 0.01). RMBF = regional .50-~myocardial blood flow.
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Differences between liT I and liT2' A reasonable as-
sumption for the predominant mechanism for water proton
relaxation in tissue is dipolar interaction.One mayanticipate
that the results obtained for longitudinal relaxation rates
(l/T t ) wouldbe reflectedequally in the transverserelaxation
rates (l1T2) when dipolar interactions predominate (24). This
study, however, indicates I/T t relaxation behavior changes
with the severity of blood flow reduction during ischemia,
whereas liT2 relaxation behavior demonstrates no signifi-
cant changes with ischemia. This result is not surprising
because an equal contribution to both relaxation rates is
reflected by a larger percent change in TI relative to T2.
Another explanation may be related to differences in the
reproducibility of liT I relative to liT2 measurements and
to the relative magnitudes of the changes in I/T t and I/T2
that are observed with ischemic insult. liT t and liT2 mea-
surements on tissue samples in our laboratory ate repro-
ducibleto approximately ± 1.5 and ± 5%! respectively. The
change observed in the liT I between moderately ischemic
and nonischemic groups, for example, is II % at 20 MHz
and is substantially greater than the reproducibility error.
The change in I/T2 , however, is closer in magnitude to its
reproducibility error, that is, 8% between groups with a
± 5% error in measurement. Thus, although the difference
in I/T t between flow groups well exceeds the error asso-
ciated with the measurement, the differertce in I/T2 among
groups is insufficient to separate the overlap caused by the
error in measurement. One possible cause for less repro-
ducibility is related to the enhanced relaxation rate of T2
processescomparedwithT I processes.Consequently,errors
in measurement will affect more severely calculations
of T2 •
Alternatively, if interactions between water protons and
protein-bound paramagnetic metals contribute significantly
to tissue relaxation (21), they may preferentially affect I/T2
relaxation. Thus different relaxationmechanisms may dom-
inate liT2 distinct from IIT t causing differences in their
observed behavior.
Assessment of TI and T2: in vivo imaging versus in
vitro methods. Similar to several previous studies (1-3,5,6),
this study measures T t and T2 of myocardial samples ex
vivo. Our internal control experiments have demonstrated
stability of relaxation times of excised myocardium for up
to 6 hours. Chang et al. (25) found that excised tissue
demonstrated stable T, and T2 over a similar time. The
advantage of the methods used in this study over imaging
approaches is that it affords the ability to examine T t and
T2 changes without interference from motion that may pre-
clude accurate estimation of relaxation times using current
imaging techniques. Cardiac gating considerably reduces
but does not eliminate the effects of myocardial and blood
motion. However, because conventional imaging utilizes
spin-echo pulse sequences, it is difficult to assess in vivo
T t relaxation times. Ultimately, imaging techniques may
provide methods to differentiate between the impact of mo-
tion and of relaxation properties on signal intensity. The
potential disadvantage of in vitro studies is that differences
in relaxation times observed in vitro may not necessarily be
reflected by imaging techniques.
Conclusions and implications. The present study, in
general, corroborates previous work that demonstrated I) a
monotonic relationbetweenboth longitudinal (TI) and trans-
verse (T2) relaxation times and regional myocardial blood
flow aftercoronaryocclusion, and 2) the correlationbetween
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those changes and water content. New observations. how-
ever , include 1) that regions of severe ischemia show no
significant alteration in T] compared with that in nonisch-
emic myocardium; 2) that mechanisms other than changes
in water content contribute to relaxation property alteration
in ischemically insulted myocardium ; and 3) that these re-
laxation mechanisms in ischem ic myocardium are field de-
pendent. Thus, although proton NMR imaging is able to
depict tomographic structure of the heart and of ischemic
insults based on altered relaxat ion behavior , caution needs
to be exerc ised in application of relaxation property alter-
ations because myocardial signal intensity may be similar
in nonischemic zones and in zones with the most severe
ischemic insults.
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